Abstract. To propose the methods for cogging torque reduction in permanent magnet machines, theoretical reasons of cogging torque are studied in this paper and the qualitative analysis is performed before quantitative calculation with finite-element method. And the effects of slot opening widths, unequal thickness magnets as well as pole-arc factors on cogging torque in PM machines are then analyzed with finite-element method. Finally, the methods to reduce cogging torque in PM machines are summarized, which demonstrate that with proper methods the cogging torque can be significantly decreased.
Introduction
Permanent machines have been widely used compared with conventional machines due to their significant advantages such as the simple structure, reliable operation, small volume and less dissipation [1] [2] [3] [4] . However, the inevitably cogging torque caused by the interaction between magnets and the slotted stator core would lead to the torque pulsation, vibration and noise, which even affects the control accuracy of the system.
Cogging torque is the specific problem in PM machines, which is also the crucial problem to be considered and solved in design and manufacture of high performance PM machines. There have existed many documents illustrating methods for cogging torque reduction, such as auxiliary slots, suitable selection of the teeth width ratio, proper pole-arc coefficient, optimized magnetism charging, enlarged air-gap, non-uniform distribution of stator slots and skewed slots, etc al [5] [6] [7] [8] [9] . But one thing worth noting is that many of these methods achieve the goal of cogging torque reduction under the cost of both the reduced electromagnetic torque and the complexity of optimal design for PM machines. In addition, the economic requirement also limits the application of these methods in practical. Since the same method has unequal effects on PM machines with different structures and parameters, proper methods for effectively cogging torque reduction should be applied with specific structure taken into consideration.
This paper choose a surface-mounted PM machine with 4 poles and 36 slots as the prototype to analyze the effects of slot opening width, unequal magnet thickness and the pole-arc coefficient on cogging torque in PM machines.
Causes of Cogging Torque
Cogging torque arises from the interaction between magnets and slots in PM machines without current in windings. And no cogging torque is found in smooth core machines. The relative movement between stator and rotor as well as the tooth effect causes the uneven air-gap permeance, which changed the energy storage in air-gap magnetic field and creates the cogging torque. Cogging torque T cog is defined as the negative derivative of the magnetic energy W to the relative position angle α, as shown in Eqn. (1) . The position angle α is defined as the angle between central lines of one teeth and the magnet as shown in Fig. 1 . 
Methods to reduce cogging.
This paper chooses a 4-pole 36-slot surface mounted permanent magnet machine as the prototype, with its parameters shown in Table. 1.The sectional view of the prototype is shown as Fig. 2 . All the attempts are simulated with the finite-element methods. (θ) has influence on the cogging torque, which means that once the numbers of pole-pairs and slots are determined, the Fourier component of B r 2 (θ) will be derived. From analysis we know that the Fourier components of B r 2 (θ) are related to pole-arc coefficient. When the number of stator slots is 36, cogging torque is only associated with the 9k (k is an integral number) Fourier components of B r 2 (θ). And once the condition k=nz/2p is satisfied, cogging torque can be reduced greatly. Therefore, a proper pole-arc coefficient leads to the less B r9 , B r18 and B r27 . As to the prototype, when the pole-arc coefficient is 8/9, B r9 is equal to 0 and the cogging torque would be much less. The waveforms of different pole-arc coefficients can be seen in Fig. 3 . Reduction of slot opening width. Cogging torque is affected by G n , which is related to the slot opening width. The method to reduce the slot opening width offers an advantage that it does not need to change the structure, because only the change of physical dimensions can decrease the cogging torque. Fig. 4 shows the waveforms of cogging torque with slot opening widths as 2.5mm, 2.2mm, 2.0mm and 1.8mm separately. From Fig. 4 we can see that a less slot opening width leads to a less cogging torque. But the slot opening width can not be designed too less because a narrow slot opening width is difficult for winding inserting. , and the cogging torque can be analyzed with Eqn. (9) . The waveforms of cogging torque of magnetic poles with different eccentricities as 7mm and 12mm are shown in Fig. 6 , which indicates that a larger eccentricity leads to a less cogging torque. 
Conclusion
The reason and theoretical expression for cogging torque in permanent magnet machines is studied in this paper. And the effects of different pole-arc coefficients, different slot opening widths and different thicknesses of magnetic poles on cogging torque in prototype are also quantitatively calculated with finite-element method. The analysis indicates that cogging torque relates to the nz/2p Fourier components of the square of the remanent magnetism, which offers the theoretical foundation of cogging torque reduction with proper pole-arc coefficient. With a less slot opening width or larger eccentricity of unequal thickness magnetic pole would both decrease cogging torque. The methods for cogging torque reduction in this paper can improve the stability of low speed operation remarkably and expend the application for permanent magnet machines.
